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Absorption Spectra in the Detection of Chemical 
Changes in Cellulose and Cellulose Derivatives f 

By John W. Rowen, Charles M. Hunt, and Earle K. Plyler 

The spectral absorption of thin films of cellulose acetate, regenerated cellulose, the acetate 
and regenerated cellulose after oxidation with nitrogen dioxide gas, and the regenerated cellu- 
lose after oxidation with periodic acid followed by chlorous acid, are recorded for the infrared 
from 2 to 15 microns and the ultraviolet from 215 to 400 millimicrons. The regenerated cellu- 
lose absorbed ultraviolet radiant energy only at the short wavelength end of the region studied, 
and there the transmit tan ce of a film 2.8 micons thick was only slightly reduced. The acetate 
and oxidized celluloses absorbed in this region to a greater extent but gave no narrow absorp- 
tion bands. Marked changes were observed in some of the absorption bands in the infrared 
region in going from cellulose acetate to regenerated cellulose and to their oxidation products. 
These changes were correlated with changes in the OH, CO, and COOH groups. The results 
indicate the possibility of estimating the amount of these groups present by spectral absorption 
measurements. 



I. Introduction 

Present-day theories regarding the chemistry 
and structure of cellulose, its derivatives and deg- 
radation products have been extensively studied 
and reviewed by several writers [1, 2, 3, 4, 5, 6]. 1 
However, only limited use of speetrometric meas- 
urements as a means of following the modification 
of cellulose by various treatments has been re- 
ported [7, 8, 9, 10]. This paper contains results 
of the measurement of the absorption spectra of 
cellulose and cellulose acetate before and after 
chemical treatments. 

The structural formula generally assigned to 
cellulose is: 



CH 2 OH 




CH 2 0H 



where N may take values as high as 4,500. Any 
sample of cellulose is considered to be made up of 
varying proportions of these long-chain molecules, 
the lengths of the individual chains depending 
upon the source of cellulose and its history. The 
greater the proportion of the short chains in a 
sample, the greater the number of end groups. 

* Published also in Textile Research Journal, Sept. 1947. 
i Figures in brackets indicate the literature references at the end of this 
paper. 
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Cellulose is relatively unstable, and some of the 
linkages between atoms are ruptured, for example 
when cellulose is exposed to light, heat, or chemical 
agents. Shorter chains and additional end groups 
may be formed. When exposed to extreme con- 
ditions, cellulose may be degraded to relatively 
simple compounds. 

The groups that are found in cellulose or which 
may be formed as a result of oxidation or cleavage 
include the ketone, aldehyde, hemiacetal, carboxyl, 
and hydroxyl groups. These groups are respon- 
sible for characteristic absorption bands in the 
spectra of simpler organic compounds. Not only 
would the bands be expected to be present in the 
absorption spectra of cellulose and cellulose de- 
rivatives, but the magnitude of the absorption 
might be a quantitative measure of the number of 
the groups responsible for the band. 

Chemical methods for the quantitative evalua- 
tion of the groups in cellulosic materials [5, 15] 
sometimes lead to erroneous results because of 
changes in the cellulose produced by the condi- 
tions to which it is subjected during analysis. The 
spectrophotometric method of analysis probably 
would not result in appreciable change. Another 
way in which the spectrophotometric method 
could be useful is in investigating the preferential 
attack of reagents on specific parts of the cellulose 
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molecule. For example, the oxidation of the 
secondary alcohol groups on carbon atoms 2 and 
3 of the ring by periodic acid [11, 12] and the 
oxidation of the carbon atom in the 6 position to 
carboxyl by nitrogen dioxide gas [13, 14] could 
perhaps be followed spectrophotometrically. 

The work reported in this paper was undertaken 
with this in mind. 

II. Materials and Methods 

The cellulose used in this study was prepared by 
deacetylation, in an inert nitrogen atmosphere, of 
cellulose acetate. The cellulose acetate was ob- 
tained in the form of yarns; it was first extracted 
with ether, dried, then wet with distilled water 
and dried again to insure complete removal of the 
ether. The acetate was dissolved in redistilled 
acetone and cast into films on a glass plate with a 
Bird film applicator, at room temperature. The 
film was then soaked from the plate with distilled 
water and dried. 

1. Preparation of Cellulose Films 

The films were deacetylated by soaking them 
for 24 hours in a 0.4 M alcoholic sodium hydroxide 
solution under an atmosphere of nitrogen. They 
were then washed with alcohol, soaked for 20 
minutes in a 10-percent solution of glacial acetic 
acid in alcohol, again soaked for a half hour in 
water and then air-dried. 

2. Treatment of Films with Nitrogen Dioxide 
(N0 2 — N 2 4 ) 

Films of cellulose acetate and/or regenerated 
cellulose were suspended at room temperature, in 
a glass chamber that was evacuated. Dry nitro- 
gen dioxide was then passed into the chamber. 
The films were left in the nitrogen dioxide atmos- 
phere for 2 hours and then soaked for another 2 
hours in distilled water with three changes of water. 

3. Treatment of Films with Periodic Acid and 
Chlorous Acid 

The films were immersed for 2 hours in a 0.042 
M solution of periodic acid that was buffered with 
sodium acetate at a pH of 4.5. After contact with 
the periodic acid, the films were soaked for an 
additional 2 hours in distilled water and then 
washed three times with fresh distilled water. The 
films were then dried and subsequently transferred 
to a 5-percent solution of sodium chlorite buffered 
to a pH of 2.2 with phosphoric acid. They w^ere 



allowed to remain in this solution for 2 hours. 
The films were then washed for 2 more hours and 
dried. 

4. Measurement of Thickness of Films 

Thickness measurements were made with a 
"Mikrokator" [16] that was checked against steel 
gage blocks calibrated by the Gage Section of the 
National Bureau of Standards. The standard 
deviation of five measurements did not exceed 0.2 
ix on any spectrometer specimen. Thickness ob- 
tained in this manner with cellulose acetate film 
averaged 0.3 /x less than thickness based on weight, 
area, density calculations. 

5. Measurement of Spectral Absorption in the 

Ultraviolet Region 

The ultraviolet absorption spectrum was meas- 
ured with the Beckman model DU quartz spectro- 
photometer [17]. The wavelength calibrations on 
the scale of the instrument were found to check 
very well against the known wavelengths of the 
lines of the hydrogen- and mercury-discharge 
tubes. It was observed in the region from about 
310 to 400 mju that when readings were made every 
5 nnx, ripples appeared in the absorption pattern 
of these cellulosic materials. The amplitude and 
position of these ripples varied with the orientation 
of the sample in the light beam. They were inter- 
preted as being caused by optical interference. 
It was possible to orient the film in the beam in 
such a position as to virtually eliminate them. 

Figure 1 is based upon measurements made at 
5 m/i intervals. 

6. Measurement of Spectral Absorption in the 

Infrared Region 

The infrared absorption spectrum was measured 
with a Perkin-Elmer recording infrared spec- 
trometer with a sodium chloride prism. This type 
of instrument has been previously described [18], 
The instrument was equipped with specially con- 
structed gears operated by a synchronous motor 
for changing the wavelength, and another gear 
mechanism for automatically increasing the slit- 
width in such a way as to partially compensate for 
the lower energy of the radiation source in the 
longer wavelengths. As the instrument is a 
single-beam spectrometer, the absorption bands 
of atmospheric water vapor are superimposed 
upon the absorption spectrum of the film under 
observation. The estimation of the extent of 
absorption by the film in this region is therefore 
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Figure 1. — Ultraviolet absorption curves. 

A, Cellulose regenerated from cellulose acetate (film thickness 2.8 n) ; B, cellulose treated with periodic acid followed by chlorous acid (film thickness 
3.6 m); C, ultraviolet absorption curve of cellulose acetate (film thickness 4.1m); A cellulose treated with nitrogen dixoide gas (film thickness 3.3 m). 



less precise than in other regions. This uncer- 
tainty has been indicated in the spectra by broken 
lines. 

III. Results and Discussion 

The infrared and ultraviolet absorption spectra 
of cellulose, in the oxidized and acetylated states 
are shown in figures 1 to 6 inclusive. The infrared 
spectra of these materials have in general many 
more bands than the ultraviolet absorption 
spectra. The absorption of ultraviolet light by 
the resonance forms of the groups of the cellulose 
molecule appears to take place in the energy 
region that is mainly below 200 m/i and hence in 
the vacuum region (see fig. 1). In order to prop- 
erly evaluate these bands in the ultraviolet region 
it appears necessary to measure the absorption 
in the vacuum ultraviolet region as has been done 
for some aliphatic fatty acids [19]. It was noted 
that untreated cellulose had much less of a tend- 
ency to absorb short wavelength radiation than 
the modified celluloses as indicated in curve A of 
figure 1. Exposure of such films of cellulose to 
most oxidizing agents, and light resulted in an 



increased absorption of the short wavelengths. 
In many cases the absorbing agent in the cellulose 
created by the treatment was water soluble and 
showed general absorption in water. In this way 
it was occasionally possible to check on the extent 
of oxidation and contamination of the films used 
in this study. 

The groups in cellulose containing oxidized 
carbon gave rise to bands in the infrared region. 
This spectrum was, therefore, more informative 
than the ultraviolet absorption spectrum. The 
striking alteration that accompanies dcacetylatioii 
may be noted by contrasting the curves of figure 2 
and figure 4. The changes in the infrared absorp- 
tion spectrum of cellulose acetate that occur upon 
exposure to nitrogen dioxide (N0 2 — N 2 4 ) may be 
seen in figures 2 and 3. This oxidizing gas also has 
a marked effect on the absorption spectrum of cel- 
lulose. The effect of a somewhat arbitrary concen- 
tration of periodic acid (followed by chlorous acid) 
on the infrared absorption spectrum of cellulose is 
shown in figure 6. The bands shown in the various 
figures are discussed under the appropriate title as 
follows : 
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Figure 2. — Infrared absorp- 
tion curve of cellulose acetate 
(film thickness Ij..l p)> 
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Figure 3. — Infrared absorp- 
tion curve of cellulose acetate 
exposed to nitrogen dioxide 
gas {film thickness 8.8 fx). 



FIGURE 4. — Infrared absorp- 
tion curve of regenerated cellu- 
lose {film thickness 2.8 n). 



Figure 5. — Infrared absorp- 
tion curve of regenerated cellu- 
lose exposed to nitrogen di- 
oxide gas {film thickness 
3.8 u). 



Figure 6. — Infrared absorp- 
tion curve of regenerated cellu- 
lose treated with periodic acid 
followed by chlorous acid (film 
thickness 8.6 p.). 
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1. Cellulose Acetate 

As indicated under the experimental part, the 
cellulose acetate was the starting point for the 
regeneration of the cellulose used in the study. 
The infrared absorption spectrum of the original 
cellulose acetate is shown in figure 2. This 
spectrum is characterized by several well-defined 
bands. The first band of appreciable intensity 
occurs at 2.8ix and is probably related to the 
O — H stretching vibration. The band at 3.4/x is 
believed to be the familiar band attributed to the 
C — H stretching vibration. The intense band at 
5.7ix falls in the general region characteristic of the 
ester carbonyl group, and it shows a strong ab- 
sorption in the cellulose acetate film. The band 
at 7.2/jl is characteristic of the C — CH 3 group and 
hence appears in both figures 2 and 3 (untreated 
and nitrogen dioxide treated cellulose acetate). 
The intense absorption at 8.1m is also present in 
curves 2 and 3. It is attributed to the ester 
group, as a band in this general position is always 
observed in the spectra of esters. These last three 
bands also appear in polyvinyl acetate as well as in 
other simpler acetates [20]. The strong band at 
9.5ju is present in all the infrared absorption 
spectra (figures 2 to 6 inclusive) and is probably 
due to the C — -0 vibration. This vibration is very 
intense for methyl alcohol and is also found in 
polyvinyl alcohol [20]. 

2. Oxidized Cellulose Acetate 

When cellulose acetate is oxidized with nitrogen 
dioxide (N 2 4 -N0 2 ) two new bands (fig. 3) appear 
in the infrared spectrum. These absorptions take 
place at 6.1 and 7.8 xx. The band at 7.8 xx is evi- 
dent as a bulge in the side of the broad band at 8. 1 
xx. It will be noted later that these two bands 
correspond closely with the two bands that are 
created when cellulose is treated with nitrogen 
dioxide. Most organic compounds containing 
carboxyl groups have two strong absorption bands 
at approximately 6.0 and 7.8 ju. The possibility 
that the two bands described above might be due 
to carboxyl groups created by the oxidation of the 
unacetylated number six O — OH group will be 
discussed later. 

3. Cellulose 

When cellulose acetate is deacetylated, the 
marked changes that result from this process may 



be noted by comparing figure 2 with figure 4. One 
notes that the O-H vibration at 2.8 /x has become 
much more intense and at the same time slightly 
shifted to longer wavelengths. The ester carbonyl 
group at 5.7 xx, the CH 3 group at 7.2 and the typical 
ester band at 8.1 p ar © all absent. On the other 
hand the C-0 band at 9.5 ju has been considerably 
broadened. 

4. Cellulose Oxidized With Nitrogen Dioxide 

When the cellulose film is treated (as described 
under experimental procedure) with nitrogen 
dioxide, certain characteristic changes occur in 
the spectrum of cellulose, figure 5. First the OH 
absorption at 2.9 ijl, seen in figure 4, is somewhat 
decreased in intensity. In addition, three other 
bands appear, the one at 5.7, one at 6.1, and a third 
at 7.8 /x. The band at 5.7 /x falls in the general 
region characteristic of the C = group, and the 
other two bands are also associated with the 
carboxyl group as indicated under the discussion 
of oxidized cellulose acetate. In this work, the 
two strong bands at 6.1 and 7.8 xx were always 
associated with the oxidized cellulose believed to 
contain carboxyl groups. 

5. Cellulose Treated With Periodic and Chlorous 
Acids 

Exploratory experiments with the effect of per- 
iodic and chlorous acids on the infrared absorp- 
tion spectrum of cellulose have been performed. 
Neither of these acids alone or in sequence had 
nearly so marked an effect on the cellulose as had 
nitrogen dioxide. However, a small band shown 
in figure 6 at 6.2 /x, not present in the spectrum of 
the original cellulose, was found in the treated 
cellulose. No definite conclusions can be drawn 
concerning the band until more information is 
available. 

IV. Relationship Between Spectra 
and Structures 

Cellulose contains over 49 percent of oxygen, 
and this oxygen content may be expected to under- 
go a very small but definite increase throughout 
the life of the cellulose in the atmosphere. The 
oxidized cellulose would not be expected to be a 
homogeneous molecular species. In fact, one 
would expect the oxidized cellulose to consist of a 
mixture of many different kinds of oxidized cellu- 
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Jose molecules. Workers recognizing* the com- 
plexity of "oxidized" cellulose have attempted to 
study the effect of specific oxidizing agents on the 
polymer. Kenyon and coworkers have studied 
the oxidation of cellulose by nitrogen dioxide. 
They presented evidence [13, 14] that the mode of 
attack by this agent was highly specific. Their 
work indicated that the primary alcohol group on 
the number six carbon atom was oxidized to a 
carboxyl group by the oxidizing gas. The work 
of Jackson and Hudson [11], and Harris et al [12] 
indicated that periodic acid has a specific oxidiz- 
ing effect on cellulose. These experiments indi- 
cate that this agent converts the secondary 
alcohol groups on carbons 2 and 3 to aldehyde 
groups in accordance with the following scheme: 




HIQ4 



O- 



CH2OH 




9 9 

CH HC 



X- 



Cf-^OH 



As the conditions of the reaction of nitrogen di- 
oxide with cellulose, described under the 4 experi- 
mental part are very similar to those employed 
by Kenyon et al [13, 14], it is reasonable to sup- 
pose that carboxyl groups were the primary 
product of the reaction. Furthermore, as ade- 
quate steps had been taken to remove any un- 
reacted nitrogen dioxide, and as very little if any 
nitrocellulose would be formed under the experi- 
mental conditions, it appears reasonable to as- 
sume that the three bands present in figure 5 
(the ones at 5.7, 6.1 and 7.8 jjl) are all manifesta- 
tions of the carboxyl group in the number six 
position. 

Whether or not the intensities of these bands 
lend themselves to the quantitative estimation of 
carboxyl groups is not known at present. The 
presence of the " carboxyl" bands (5.7, 6.1, and 
7.8 /x) in the spectrum of the treated cellulose 
acetate films (fig. 3) suggests the possibility that 
a good number of the primary alcohol groups 
(number six position) present in this material are 
attacked by nitrogen dioxide and converted to 
carboxyl groups. 

The intensification of the O — H band (2.8/x) in 
figure 4 that accompanies deacetylation is quite 
striking. Presumably each acetyl group (absorp- 
tion at 5.7, 7.2, and 8.1ju) is replaced by a hydroxyl 



group in this conversion, and the difference in 
intensities in the two bands (2.8 to 2.9 microns) is 
some measure of the number of OH groups re- 
generated in the process. 

The effect of periodic acid, reported by other 
workers, was not observed in the absorption 
spectra of the treated cellulose in the spectral 
ranges studied. However, it is pointed out that 
these experiments may not have provided the 
optimum conditions for the generation of the 
aldehyde groups on the second and third carbon 
atoms. The weak band at 6.2/it in figure 6 is evi- 
dence of some reaction that did take place in these 
preliminary attempts. 

When the cellulose acetate is converted to 
cellulose, and when the latter is oxidized to oxy- 
cellulose, certain fundamental aspects of the long 
chain molecular structure remain intact. For 
example, the skeletal ring-chain structure should 
not be profoundly altered during some of the above 
reaction steps. One might, therefore, expect to 
see manifestations of the unchanging portions of 
the molecule in the infrared spectrum. The ab- 
sorption band at 8.6/x appears in the spectrum of 
all of the cellulose derivatives examined in this 
study. This band may be a fundamental vibra- 
tion that is associated with the ring skeleton. The 
absorption band at 3.4/* also is common to all of 
the spectra, and it is undoubtedly due to the C-H 
stretching vibration that is characteristic of all of 
the compounds. 

This study indicates the possibility of using the 
infrared absorption spectrum as a means of 
elucidating the alterations that may be made in the 
cellulose molecule. 

V. Summary 

1 . The ultraviolet and infrared absorption spec- 
tra of cellulose, cellulose acetate, and certain oxi- 
dized samples of cellulose have been obtained. 

2. Acetylation and oxidation of cellulose are 
reflected by profound changes in the absorption 
spectra of these materials. 

3. This study indicates the possibility of detect- 
ing and estimating the amounts of such groups as 



OH, 



H 

I \ 

-C=0, O=0 2 and — C 



O 



/ 



OH 



in eellulosic materials. 
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